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INTRODUCTION 
The objective of the ongoing work reported here is to optimize 
pulsed eddy current instrumentation for the detection of small 
flaws, specifically 250 x 125 ~ crack-like defects in low conduc-
tivity materials such as titanium 6-4. Our approach parallels that 
employed in the optimization of continuous wave eddy current sys-
tems 1,2 in that we seek first to develop a mathematical model of a 
typical flaw detection system, and then use the model as a guide in 
the design of probe instrumentation and in the selection of signal 
processing methods to enhance flaw detectability. 
In the present paper we first show some early experimental re-
sults on flaw detection which serve to illustrate our starting point. 
We then describe a simplified analytical model of a shielded pulsed 
eddy current transmitter and present calculated results on transient 
results on transient currents and fields. This is followed by a 
comparison with experimental data and, in the final section, a sum-
mary of principal results. 
FLAW DETECTION EXPERIMENTS 
Figure 1 is a schematic illustration of a typical pulsed eddy 
current probe. 3 The transmitter consists of an excitation coil 
surrounded by a cylindrical conducting shield which serves to limit 
the spatial extent of the field incident on the specimen, thus fo-
cusing the field and improving spatial resolution. If a separate 
detector is used, as illustrated in the figure, then the shield 
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serves also to reduce direct coupling with the field of the excita-
tion coil. In practice, a probe such as this is scanned over the 
surface of a specimen, the coil is subjected to repetitive current 
pulses, and we look for anomalies in the detector response that 
indicate the presence of flaws. 
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Figure 1. Elements of a pulsed eddy current flaw detector. A 
copper shield focuses the electromagnetic field 
generated by pulsed excitation of the coil and also 
shields the detector from the initial pulse. 
The experimental data shown in Figure 2 were obtained with a 
titanium 6-4 specimen by scanning over a series of surface notches 
125 ~ deep with lengths ranging from 250 to 1250~. In this case 
the excitation coil was wound on a ferrite core and was surrounded 
by a copper shield 6 mm in diameter. The signal trace shown here 
is proportional to the peak amplitude produced by a separate sensor 
coil located next to the transmitter. The sensor had differential 
windings on a ferrite core and was also shielded by a 6 mm copper 
tube. 
As can be seen from these data, a flaw of the target size 
(250 x 125 ~) can be detected even without the use of any special 
signal processing. Our goal, then, is to obtain even better flaw 
response than that shown here. 
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Figure 2. Experimental data from a series of EDM notches125 ~ 
deep. The present pulsed eddy current system can detect 
notches as small as 250 ~ using a 6 mm diameter probe. 
MATHEMATICAL MODEL 
As the first step in the development of a mathematical model of 
a pulsed eddy current system, our objective was to provide a method 
for calculating the effects of transmitter geometry on focusing of 
the field incident on the specimen and on shielding of the sensor, 
which is assumed to be located near the outside surface of the 
shield. For this purpose we assume the configuration illustrated in 
Figure 3 and seek a solution for the transient field distribution 
produced by an arbitrary current pulse Jo(t) in the excitation coil. 
To simplify the analysis we assume a constant permeability ~ for the 
ferrite core and calculate fields in air in the absence of a con-
ducting specimen. 
z 
.I 
FERRITE CORE 
~-- COIL 
SHIELD 
Figure 3. Geometrical model of a pulsed eddy current transmitter. 
In this model both the excitation coil and shield have 
finite thickness. 
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The azimuthal component of the vector potential can be written 
as a sum of contributions from the magnetized core, the current in 
excitation coil and the induced current in the shield. Thus, using 
the expression for the magnetization current density to calculate 
the contribution from the core,4 we haveS 
(1~) J 
'41& P. 
core 
(1) 
where Bz is the z component of the flux density in the core, jc is 
the current density in the coil and js is the current density in 
the shield. We assume that the current density in the coil is uni-
form and is known; Bz and js must be determined from the solution 
of the appropriate boundary value problem. 
To obtain an approximate solution we ignore the z dependence 
of the fields in the core and shield, which amounts to approximating 
Bz and js by the corresponding functions in a system of infinite 
length. This greatly simplifies the boundary value problem, the 
solution of which is outlined in the Appendix. For an excitation 
coil of infinitesimal thickness and radius P1, the Laplace transforms 
with respect to time of the functions js and Bz are found to be 
js( p',s) - Jo(s) 123 2+1202 ~ A.cosh A,( 12 3 -12 ' ) (2 ) P22+Po2 P' sinhA. ( P3-P2) 
Bz ( P' ,s) '" Bz ( Po,s) '" 2~Jo(s) [ 1 ~1232+1202] P22-Po2 (3 ) 
where JO(s) is the transform of the excitation current Jo(t), s is 
the transform variable, Po is the core radius, P2 and P3 are the 
inner and outer radii of the shield and 
where a is the conductivity of the shield. For a coil of finite 
thickness the result obtained from Eqs. (2) and (3) must be inte-
grated over P1, the coil radius. 
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Further simplification results if we assume that the shield 
thickness is small c~mpared to the distance from any point in the 
shield to the point x where we wi~h to calculate the field. This 
allows us to replace the factor Ix-;'1-1 in the shield integral in 
Eq. (1) by its value at p'=Ps' where Ps is the average shield radius. 
The integral over shield thickness then produces the factor 
(4) 
To obtain this last result we use Eq. (2) with P2/P' ~ 1, perform 
the indicated integration and then take the inverse transform. 
The remainder of the calculation is straightforward, though 
rather involved, so we simply quote the result. After integrating 
over the coil thickness and differentiating Eq. (1) to obtain the 
axial component of the flux density, we obtain the following ex-
pression for the case where ~/~»1: 
-+-Bz(x,t) 
where Pc is the outer radius of the coil and 
-+- 1 t/2 [1 E n+nJ v 2 ] G(x,p') = -- v --(K-~) + ~2 • 1-u2 E dz' ~ 411: -L/2 Pi 1-u 
with 
u = 2 [ ~ej ]1/2 ( P+Pi)+(Z-z')2 
v = U/lpPi 
K == K(u) 
E == E(u) 
(5) 
where K and E are complete elliptic integrals. The parameter L is 
the co~l length and P, z are the cylindrical coordinates of the 
point x. 
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From Eq. (5) we see that the time dependence of the flux den-
sity is governed by the factor Jo(t), i.e., the flux density has 
the same transient behavior as the excitation current. This is a 
direct result of the thin shield approximation which is valid at 
points well away from the shield. We therefore expect Eq. (5) to 
be useful for studies of focusing effects in the far-field distri-
bution, but not for calculations of transient fields near the 
shield. This is illustrated by the calculations we present in the 
next section. 
CALCULATIONS 
For the study of focusing effects we consider only the geomet-
rical factor inside the brackets in Eq . (5). Two beam profiles, 
obtained by numerical evaluation of the remaining integrals, are 
plotted in Figure 4 as a function of off-axis distance in a plane 
0.4 mm from the end of the transmitter. The core radius, coil 
winding and shield thicknesses are approximately 1 mmj the length 
of the probe is 3 mm. 
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Figure 4. calculated flux distributions for transmitters with 
and without a ferrite core. The shapes of the response 
functions are essentially the same, indicating that the 
effect of the core is to simply increase the intensity 
of the field. 
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The dashed curve, which has been multiplied by ten, shows the 
flux density distribution obtained without a permeable core. This 
was obtained by omitting the core contribution, the first terms in 
Eqs. (1) and (5). The solid curve, which holds for ~/~ » 1, shows 
that the principal effect of adding a permeable core is to increase 
the flux density by about a factor of six with no significant change 
in the shape of the distribution. Both curves show that currents 
induced in the shield, which are responsible for the negative dip 
near the inside surface of the shield, are effective in limiting 
spatial spreading of the transmitter field. 
Figure 5 illustrates the sensitivity of the beam profile to the 
choice of an average shield radius Ps. In this case the two values 
used are the inner and outer shield radii, so the fact that there is 
little difference in the curves even for these extreme values of Ps 
indicates that the result is insensitive to the choice of an average 
shield radius. 
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Figure 5. Calculated flux distributions for different values of 
the average shield radius. The values used here are the 
inner and outer shield radii, and the fact that there is 
little difference between the two curves shows that the 
calculation is insensitive to the choice of an average 
shield radius. 
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We note again, however, that the separation of Bz into time-
dependent and geometry-dependent factors is a result of the thin 
shield approximation which may fail at points near the shield. In 
particular, for the geometry considered in Figures 4 and 5, which 
is a configuration for which experimental data are available, the 
shield thickness is about 0.9 mm and we are calculating flux densi-
ties at positions as close as 0.4 mm from the shield. This leads 
us to question not only the shapes of the curves in Figures 4 and 5 
at points near the shield, but also the time dependence implied by 
Eq. (5) at these points. 
At positions very close to the shield we might expect that the 
transient flux density is influenced more by currents in the shield 
than by the excitation current Jo(t). It is therefore of interest 
to examine transient currents in the shield to see how their time-
dependence differs from that of the excitation pulse. This should 
help to give us some idea of how the time-dependent field may devi-
ate from that given by Eg. (5) at points near the shield. 
To obtain an analytic solution for the current densities on the 
inside and outside surface of the shield, we assume an excitation 
pulse of the form 
Jo(t) = constant x t-3/ 2 exp(-k2/4t) 
which has a ~place transform proportional to_exp(-klS). Substitu-
tion in Eg. (2) then gives an expression for js(p',s) that can be 
inverted exactly. The result at the inside surface is 
where 
and H2(x) is a Hermite polynomial. A similar expression is obtained 
for js at the outside surface. 
Figure 6 shows plots of -js (the shield current .is negative) on 
the inside and outside surfaces along with the shape of the excita-
tion pulse. One feature that is immediately evident is the very 
rapid rise and decay of the current density on the inside surface. 
This happens because the emf induced in the shield is proportional 
to the time derivative of the flux density which is, in turn, gov-
erned by the time derivative of the excitation pulse. We expect, 
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therefore, that as we approach the inside surface of the shield, 
induced currents will cause rapid transients in the field of the 
transmitter that are not properly accounted for in Eg. (5). 
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Figure 6. Transient current densities on the inside and outside 
surfaces of a copper shield around a pulsed eddy current 
transmitter. The main feature shown here is the rapid 
transient on the inside surface; it is approximately 
proportional to the derivative of the excitation pulse. 
The existence of this transient current implies that at 
points near the inside surface, the field will not have 
the same time dependence as the excitation pulse, as 
implied by Eg. (5). 
Another point to note is that the current pulse at the outside 
surface is, as we might expect, severely attenuated and delayed in 
time. We are interested in the behavior of this pulse because we 
expect the field just outside the shield, which is where we may wish 
to place our pickup coil, to show similar attenuation and arrival 
time effects. Thus, to provide some insight as to how shield thick-
ness affects this particular component of the field at the sensor, 
we calculated peak amplitudes and peak arrival times for the current 
at the outside surface as a function of thickness of copper shield-
ing. The results, which are displayed in Figure 7, show that even 
a very thin shell of copper is effective in attenuating and delaying 
the pulse from the excitation coil. 
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Figure 7. Peak current density (js) and peak arrival time (tp) 
on the outside surface of a copper shield. These data 
indicate that shield thicknesses of the order of 1 rom 
are adequate for practical purposes. 
COMPARISON WITH EXPERIMENT 
To provide a test of the analytical model, experimental data 
were obtained for a transmitter configuration with the dimensions 
indicated in Figures 4 and 5. The sensor used for these measure-
ments was a Hall effect device with a 1.5 x 4.5 rom active element 
oriented so as to measure the axial component of the flux density. 
An excitation pulse with rise and decay times of about 150 nsec was 
used, and peak amplitude data were recorded as a function of off-
axis distance along a line of 0.4 rom from the end of the coil. 
Because the calculated field varies appreciably over distances 
of the order of the sensor dimensions, it was necessary to numeri-
cally average the calculated field over the sensor area for compar-
ison with experiment. The effect of this averaging is shown in Fig-
ure 8 where the dashed curve is the same as curve labeled Ps = 2.29 
in Figure 5 and the solid curve is the averaged calculation. The 
experimental points shown in Figure 8 are normalized to the solid 
curve at the centerline position. 
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Figure 8. Calculated field distributions before and after 
averaging over sensor area compared with experimental 
data. Measured and calculated distributions have the 
same general shape, though the experimental curve is 
somewhat broader. 
Although the calculated and experimental distributions have the 
same general shape, quantitative agreement is poor, particularly in 
the region near the outside of the winding and the inside of the 
shield. In view of what has been said regarding the validity of the 
thin shield approximation in this region, perhaps this should be 
expected. We should note, however, that there is also some uncer-
tainty in the interpretation of the experimental data because the 
response of the Hall sensor to rapidly varying fields like those 
present here is presently unknown. Thus, for example, it is con-
ceivable that the sensor does not respond efficiently to very rapid 
transients like those expected near the inside surface of the 
shield, and that this results in a distortion of the measured field 
distribution. There is, therefore, reason to question both the 
theoretical and experimental results and the need for further study 
is clear. 
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SUMMARY 
Efforts to develop an analytical model for use in pulsed eddy 
current probe optimization have so far been limited to considera-
tion of the effects of a conducting shield on the spatial distribu-
tion of the field produced by a pulsed coil, and on the magnitude 
and temporal characteristics of the field at a pickup coil location 
just outside the shield. preliminary calculations indicate that 
the shield does indeed focus the field rather well, and is very 
effective in attenuating and delaying the pulsed field at the sen-
sor position. However, comparison with experimental data, as well 
as theoretical considerations, indicate that the field distribution 
may be somewhat broader and not as well focused as the calculations 
show. Further studies of the mathematical approximations involved 
in the model, and of the experimental technique used to measure the 
field distribution, are needed to resolve this discrepancy. still, 
in spite of its shortcomings, the model has provided insight as to 
the nature of the transient current distribution in the shield and 
its effect on the spatial and temporal distribution of the field 
produced by the transmitter. We expect this insight to prove use-
ful in extending the model to include specimen, flaw and sensor 
effects and thus to provide guidance in efforts to improve the flaw 
detection capability of pulsed eddy current probes. 
APPENDIX 
We consider the time-dependent vector potential in a system 
consisting of an infinitely long cylindrical core of radius Po and 
permeability ~, surrounded by a cylindrical current sheet of radius 
P1 > Pb, which, in turn, is enclosed by a conducting cylinder with 
inner and outer radii P2 and P3, respectively, as illustrated in 
the following sketch: 
coil 
z 
core shield 
E ~ , ~ 
P 
Po P1 P2 P3 
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The solution for a coil of finite thickness is obtained from the 
solution to this infinitesimal coil problem by integrating over P1. 
If we assume that the current is independent of z, then the 
vector potential has only one nonvanishing component, that in the ~ 
direction around the z axis, which we denote by the letter A. If, 
in addition, we assume that the current and its time derivative 
vanish at time t=O, the A, the Laplace transform of A with respect 
to time,6 is a linear combination of the modified Bessel functions 
I1(YP) and K1(YP) in each spatial region, where Y depends on the 
electromagnetic properties of the region. In the core we have 
Y = s /ilE, where s is the transform variable, in air Y = s {!Joe:, 
and in the shield, where the displacement current is negligible, 
Y = 1!Jo~s, with ~ being the conductivity. The coefficients of 
I1(YP) and K1(YP) are found for each region by applying the standard 
boundary conditions4 at each of the four radii, Po through P3. 
The exact solutions for the coefficients are quite complicated 
and calculation of the inverse transforms to obtain time-dependent 
fields would require extensive numerical computation. Fortunately, 
it is possible to develop approximate solutions that are much sim-
pler in form and can be inverted analytically in some cases. The 
approximation involves letting yp+O in nonconducting regions, which 
is the same as neglecting displacement currents, and treating 
YP = {!Joos P as a large quantity in the shield where 0 is large. 
Substitution of the limiting forms of the modified Bessel functions 
for small or large arguments and use of the standard relationships 
j = - ~sA 
and 
1 () 
Bz = P op (pA) 
then leads to Egs. (2) and (3) of the text. 
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DISCUSSION 
P. Bebick (Magnetic Analysis):. What range of duty cycles are you 
operating these coils with? 
R.E. Beissner (Southwest Research Institute): I don't know, I didn't 
do the experiment. 
P. Bebick: It isn't a continuous wave pulse, though, is it? 
R. E. Beissner: No, it is a repetitive pulse. 
